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The Neutrino Factory Concept	



hads	



(ν+ν)	


O(1021) Muon Decays/year	



µ+  νµ + νe + e+          µ-  νµ + νe + e-	
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Example Event Rate Energy Distribution 	


25 GeV µ-	
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Inverse Muon Decay	


Threshold	
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Motivation for the Neutrino Factory���
Oscillation Channel Studies	
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Oscillation Channels	
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Oscillation Channels	
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  Far detector: 100 kton at 2500-5000 km 
  2nd detector: 50 kton at 7500 km - “magic” 
  Appearance of “wrong-sign” muons 
  Toroidal magnetic field > 1 T 

R. Bayes, A. Bross, A. Laing, P. Soler….  

  Segmentation: 3 cm Fe + 2 cm 
scintillator 

  50-100 m long 
  Octagonal shape 

14mx14mx3cm plates 

EVENT RATES	


At 4000 km, for 1021 µ decays/year	



100 kton MIND for µ+ decay:	


Unoscillated νe CC would be 7.1x105	
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  Scintillator: x-view and y-view planes 1 cm thick each plane 
–  Baseline: rectangular scintillator strips (3.5 cm wide,  σ ~ 1 cm) 
–  Alternative: triangular strips (σ ~ 5 mm) - 2.3 times more channels 
–  Co-extrusion fibre-scintillator 

  Wavelength shifting fibres 
–  Kuraray currently is the only manufacturer in the world that can 

deliver WLS fibres of consistently good performance 

  Numbers: 788 scint./module x 2800 modules = 2.2 M bars 
–  25,000 km of WLS fibre (~€1/m) 

3.5 cm 

1.5 cm 

3 cm 

1 cm 

(makes project ~20% more expensive) 
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  Plate engineering: 

  Toroidal field: 

1.2-2.2 T with  
100 kA turn 

Plates: two welded  
layers (0.5mm gaps)  
3 mm slots between     
Plates (2 m wide) 

Small field gaps  
and jumps 

Homogeneous  
field 

A. Bross, B. Wands 
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Magnetic Field Excitation	



Superconducting Transmission Line	
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100 kA-Turn	

•  SCTL not simply a “concept” – prototyped, tested and costed for the 
VLHC Project at Fermilab	
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Alan Bross                   IDS Meeting RAL 	

                 January 16, 2008	
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Alternative: Fine-Resolution Totally Active Far Detector	


(Low-E Neutrino Factory)	



Simulation of a Totally Active Scintillating Detector (TASD) using Noνa and 
Minerνa concepts with Geant4	



3 cm	



1.5 cm	


15 m	



◆  3333 Modules (X and Y plane) 
◆  Each plane contains 1000 slabs 
◆  Total: 6.7M channels 

•  Momenta between 100 MeV/c to 15 GeV/c 
•  Magnetic field considered: 0.5 T 
•  Reconstructed position resolution ~ 4.5 mm 

15
 m

 

B = 0.5T 
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Active Detector Has to be Magnetized	


Super Conducting Transmission Line	





Eµ = 25 GeV ±80 MeV 

Straight section length = 600 m 

Muon angular spread 0.5 mrad  ‏

Neutrino Factory Near Detector(s)	



100	
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Event Rates	



2.5e20 µ-decays/year	



3 Years of µ+ and µ_)	



Fid.Mass 3.5 Tons	



µ+:	


νu-CC:   1.8e9 Events	



IMD:      1.3e6 Events	



νue Elas:1.1e6 Events	



µ--: 	


νuBar-CC: 0.9e9 Event	



νue Elas  : 1.5e6 Event	





Near Detector Physics Tasks	



 Determination of the neutrino flux (through the 
measurement of neutrino-electron scattering)	



  Measurement of the neutrino-beam properties that are 
required for the flux to be extrapolated with accuracy to 
the far detectors;	

 	

 	

 	

 	

 	

 	



  Measurement of the charm production cross sections; 	


  Measurement of the νN deep inelastic, quasi-elastic, and 

resonant-scattering cross sections;	


  Search for Non Standard Interactions (NSI).	
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Determination of the neutrino flux	



  Measure the muon beam in the straight sections:	


  beam intensity by Beam Current Transformer like device – 

“good” confidence that  relative precision of few 10-3 can be 
reached (task on its own);	



  beam divergence by specialized device inside or around the 
beam pipe;	



 muon polarisation – averages out to zero; 	

 	

 	



  Calculate the neutrino flux:	


 muon decay properties incl. radiative corrections are extremely 

well known → can we rely on MC? 	

 	

 	

 	



  Independent measurement of the neutrino flux in the 
near detector – crucial cross-check to experimentally 
confirm calculations.	
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2.5% error on flux makes big difference in CP coverage	



Winter, Tang	



Importance of flux knowledge for systematics 



“Other” Near Detector Physics	



  To achieve the kind of accuracy we want on the neutrino flux 
measurement, we will have constructed a detector ideally suited 
for advanced studies of neutrino-nucleus interactions – the “other” 
physics.  	



  This in turn can be grouped into standard processes:	


  Quasi-elastic 	

 	

 	

 	

	


  Resonance Production 	

 	

 	

	


  Transition: Resonance to DIS 	

 	

	


  DIS, Structure Functions. and high-x PDFs 	

	


  Coherent Pion Production	

 	

	


  Strange and Charm Particle Production 	

	


  Generalized Parton Distributions 	

 	

	


  Nuclear Effects	



  and more exotic… 	


  NSI such as the measurement of ντ in the near detector 	
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• Vertex detector for charm and τ production (NSI)  

• Low Z high resolution target for flux and cross-section 
measurement (νµ and νe)      

• Magnetic field for muon momentum (δp/p~1%)?  

• Muon catcher and capability for and e+/e– identification 

• Good resolution on neutrino energy for flux extrapolation 
(much better than Far Detector) – goal δE/E~1% 

Near Detector Design Requirements	
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ν beam 
3 m 

3 m 

B~1 T 

~ 15 - 30 m 

Block-diagram design	



20	





High-granularity Vertex Detector���

  Stack of OPERA-like emulsion 
sheets: 150 sheets, overall volume 
~500 cm3, mass ~ 1 kg, thickness - 4.6 
cm (0.2 X0), capacity ~ 5000 neutrino 
events out of ~5x105 νμ CC 
interactions per year for this mass;	



  Silicon vertex detector like 
NOMAD-STAR detector: ~50 
kg, ~7×105 charm events reconstructed 
per year, sensitivity for Pμτ < 3 × 
10−6 at 90% C.L.	



NOMAD-STAR	
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Measurement of the neutrino flux���
by ν-e scattering 	



	

 	

          ν- e CC quasi-elastic scattering:	


             - absolute cross-section can be calculated theoretically with enough confidence;               

- two processes of interest for neutrinos from μ– decays.  11 GeV Threshold	



for 15  GeV νµ; 

it is ~10-3 of σtotal(νN) 

Inverse Muon Decay (IMD)	





ν-e NC elastic scattering	



sin2θW  is known to better than 1% for this Q2 domain.	


23	





Two Options, First: Scintillating Fiber Tracker ���
M. Bogomilov, Y. Khradzov, R. Matev, R. Tzenov – Univ. Sofia	
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High resolution magnetised detector (HiResMν) – LBNE Standard Near detector 
Builds on NOMAD experience, ATLAS TRT and COMPASS detector designs 

Second Alternative: Straw-tube Tracker Design 
S. Mishra – Univ. S. Carolina	
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Summary and Outlook���
Near Detectors	
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  MIND R&D Effort	


  Prototype detectors with SiPM and extruded scintillator	


  Measure charge mis-ID rate	


  Develop CERN test beam for neutrino detector R&D – European AIDA 

proposal to make H8 into low E beam	


 Near Detectors	



  Determine procedure for deciding between two alternative high-resolution 
near detectors for baseline	



  Systematics	


  Determine elements in the overall covariant error  matrix (systematic).	


  Get best understanding of how the size of these errors are involved in 

determining CP-violation. 	


  Work with LBNE that is at a similar stage in study of systematics?	





Neutrino Factory Performance	
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Flexible design of Neutrino Factory	
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Sin22θ13=0.1	

 Sin22θ13=0.01	



Sin22θ13=0.001	


Sin22θ13=0.0001	





Overall Conclusions	
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Backups	





Where will we be at the time of NF – ND ���
Dominated by systematics: Mainly Flux Errors 	



  The neutrino factory experiments will occur after MINERνA 
and LBNE will have taken and analyzed their data.  Examples: 	



MINERνA	



MINERνA	



  Combined many charged lepton 
data sets on many different nuclei	



Neutrino Quasi-elastic	



  MINERvA provides He, C, Fe, Pb	



Only NuTeV neutrino-iron data	



Neutrino Nuclear Effects	
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Neutrino-nucleus Scattering Physics at NF-ND ���
post MINERνA and LBNE	



  Take advantage of much-increased knowledge of the flux:  	


  absolute cross-sections 	

 	

 	

 	

 	

 	



  Take advantage of much-increased event rate: 	


  use of H2 and D2 targets as well as higher A, 	


  study of rare topologies, 	


  high-x phenomena ….. 	

 	

 	

 	

 	

 	



  Take advantage of extended kinematic coverage: 	


  study lower-x phenomena at reasonable Q2, 	


  extended reach in Q2  	

 	

 	

 	

 	

 	



  Certainly to be other benefits…	
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1x1020 μ- decays/year	



Neutrino flux through the detector ���
at 100 m from the straight end	
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•  Measurement of cross sections in DIS, QEL and RES.	


•  Coherent and diffractive π, ρ, ...	



•  Different nuclear targets: H2, D2	



•  Nuclear effects, nuclear shadowing, reinteractions	



Cross  section measurements	



Expected cross-section errors	


 from T2K, Minerva and LBNE 
dominated by absolute flux error 
before compared to Neutrino 
Factory.	



At NF, with modest size targets 
one can obtain very large 
statistics, but is <1% error 
achievable?	
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•  Motivation: measure charm cross-section to validate 
size of charm background in wrong-sign muon 
signature (charm cross-section and branching 
fractions poorly known, especially close to threshold)	



•  Motivation: tau production in near detector is a signal 
for non-standard interactions 	



Vertex detector of high granularity 
is needed. 	



Silicon strips or emulsion sheets?	

	



CHORUS 
2008	



Charm production and τ measurement (NSI)���
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HiResMν design parameters	
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